ABSTRACT Negatively twisted DNA is essential to many biological functions. Due to torsional stress, duplex DNA can have local, sequence-dependent structural defects. In this work, a thermodynamic model of DNA was built to qualitatively predict the local sequence-dependent mechanical instabilities under torsional stress. The results were compared to both simulation of a coarse-grained model and experiment results. By using the Kirkwood superposition approximation, we built an analytical model to represent the free energy difference DW of a hydrogen-bonded basepair between the B-form helical state and the basepair opened (or locally melted) state, within a given sequence under torsional stress. We showed that DW can be well approximated by two-body interactions with its nearest-sequence-neighbor basepairs plus a free energy correction due to long-range correlations. This model is capable of rapidly predicting the position and thermodynamics of local defects in a given sequence. The result qualitatively matches with an in vitro experiment for a long DNA sequence (>4000 basepairs). The 12 parameters used in this model can be further quantitatively refined when more experimental data are available.
INTRODUCTION
The conformational flexibility of DNA (1) has been found to be important to understand many biological processes such as protein-DNA recognition (2) , DNA packaging (3) , and the transcription process (4) . To capture the elastic properties of DNA, the fluctuations of DNA have been described by elastic rod models based on harmonic fluctuations of six basepair geometric parameters around their equilibrium values (2, 5) . However, the atomically detailed case can be more complex. For example, recent simulations carried out by the ABC consortium show a bimodal distribution even for the helical parameters of DNA (6) , indicating that the simple harmonic approximation has its limitations for unstrained dsDNA.
The presence of strain changes the picture qualitatively. DNA is known to be often negatively supercoiled inside a cell in prokaryotes (7) , or restrained within nucleosomes in eukaryotes (8) . Due to torsional stress, supercoiled DNA shows many kinds of defect structures including bubbles, kinks, writhes, and wrinkles (9) , some of which cannot be described by a single persistence length. Considering that negative supercoiling plays a critical biological role in the cell cycle such as during transcription (10) and replication (11) , it is important to investigate the thermodynamic properties of nucleic acids under torsional stress.
DNA does not distribute stress homogeneously along its length. Instead, there are specific distributions of the stress-strain relation found by both experimental (12) and theoretical methods (13) (14) (15) . The defect distributions of DNA are highly sequence-dependent. It is known that pyrimidine/purine base steps in general are much more flexible than purine/purine steps followed by purine/pyrimidine steps (13, 16, 17) . Mechanistically, DNA relieves torsional stress with localized structural failure at a few positions, which allows the system to preserve B-form along the rest of the length (15) .
Although we have some understanding of the thermodynamic properties of DNA under stress, detailed analysis of sequence-dependent mechanical instabilities require models for routine application. For a given basepair, we wish to model how the probability of nonlinear elastic behavior is regulated via sequence by the nearest-neighbor basepairs, next nearest-neighbor basepairs, etc. Given a DNA sequence, we seek to predict the specific location and probability of those places where we might expect the formation of structural defects. The main purpose of this work is to build an analytical thermodynamic model to represent the free energy surface of DNA pairing including the possibility of torsional twisting stress.
Here, we propose an effective analytic thermodynamic model, checked versus simulations, to predict the twiststrain-induced defect locations and their probabilities. Several important complementary models of DNA for various purposes exist. The global nearest-neighbor model of melting has a rich history in thermodynamic modeling (17) . Other models seeking to reveal more local information include those which have a Hamiltonian form (18, 19) and include sequence-specific stacking potentials (20) . A number of models concentrate on bubble formation (21) (22) (23) . Those models consider the partition function or the possible states of the system under certain approximations. Those models have been successfully used to investigate certain properties of DNA such as global melting and local denaturation.
In this work, we focus on predicting the sequence-specific free energy difference of a basepair between the helical state and states where the persistence length is low or broken. Using a free energy decomposition, we show that the probability or free energy of each basepair can be expressed by effective two-body interactions with the nearest-neighbor basepairs and some selected longer-ranged corrections. In this way, this approximate free energy difference can be obtained rapidly without atomic-level simulations. The nearest-neighbor (NN) model has been widely used to predict the melting temperatures of a given DNA sequence without strain (16, 17) , indicating that two-body approximations of the global free energy are valid for melting of DNA. Here we focus analysis on the local sequence-dependent properties including the possibility of mechanical stress.
Little is known about whether the nearest-neighbor class of approximations is valid to investigate the local sequencedependent defects of DNA under stress. In this work, we used the Kirkwood superposition approximation (24) to express the free energy of a basepair within a given DNA sequence having torsional and other forms of stress. We consider the relevant three-and four-body distributions approximated from a superposition of two-body correlations. In the following section we will show that we can reproduce the free energy of each basepair in a sequence of a few dozen basepairs with high accuracy (standard deviation ¼ 0.39 kcal/mol). A long-range sign-dependent correlation along DNA was found to be important when considering the effects of twist. Incorporation of such correlations into the model further helps improve the prediction quality (standard deviation ¼ 0.26 kcal/mol).
Although all-atom model simulations of DNA can provide accuracy (15, 25, 26) , it is difficult to explore both the conformation and sequence space of longer DNA efficiently. To partially solve this problem, several kinds of coarsegrained (CG) models have been developed (27) (28) (29) (30) . For comparison with experiment and our thermodynamic model, we took the CG model developed by Sulc et al. (29) and added salt-dependent changes. The original model successfully reproduces the melting temperatures of different DNA sequences without mechanical stress, indicating the ability to capture some of the sequence-dependent characteristics of DNA. We generalized this to add the saltconcentration dependence.
In Theory and then Methods, we outline the theory and models, giving our sequence-dependent local thermodynamic model, which is suitable for duplex DNA under torsional twist stress. We then consider the modification of the CG model to allow for salt screening. In Results and Discussion, we examine the results and demonstrate the importance of longer-ranged correlations to mechanical strain, comparing our results with an experiment on some kilobasepair-sized sequences. We then give our Conclusions.
THEORY
We wish to demonstrate a model capable of representing the known experiments and predicting behaviors not yet studied. For this latter category, we will compare with experiment and successful simulation models extended in terms of the range of salt concentrations of interest. To prevent confusion, in the following, we used A-B to represent the hydrogen-bonded basepair formed by base A and B in opposite strands, while using AB or A,B to represent the base stacking formed by base A and B or ApB within the same strand. If not otherwise specified, the term ''basepair'' means hydrogen-bonded basepair rather than base-stacked dyad.
Analytical model
In the following equations, the superscript h indicates the helical state and b indicates the basepair broken or open state. We denote the free energy of the nth hydrogen-bonded basepair in the context of the helical state as W(..n À 1, n h , n þ 1.) and that in the basepair (bp) broken state as W(..n À 1, n b ,n þ 1.), while n À 1 and n þ 1 indicate the two nearest neighbors of the nth hydrogen basepair (illustrated in Fig. 1) .
Thus, the difference of the free energy of the nth hydrogen-bonded basepair between the helical state and the basepair open state, noted as DW(n), can be calculated as
where P i represents the probability of the ith state. Two analytical models were built to represent this free energy difference DW, as follows.
Model A
The Kirkwood superposition expression (24) was used to approximate W by two-body correlations or interactions. We start with the free energy full set of the surrounding neighbors consisting of three basepairs and consider it as a superposition of stacked two basepair terms corrected for the single basepair hydrogen-bonding free energies:
Within the two-body correlation approximation, n À 1 and n þ 1 are not correlated, so we have
Substituting Eq. 3 in to Eq. 2, we see
In the same way, at the level of basepair triples, we find
Combining Eqs. 4 and 5,
We define a difference function D such that
and a function K that is
We further assume
Equation 9 indicates that for a nearest-neighbor pair, in our approximation we do not distinguish direction from 3 0 to 5 0 or from 5 0 to 3 0 . Although this approximation was only aimed at reducing the fitting parameters, it proved to be statistically valid. For a stacked basepair (3 0 . n, n þ 1.5 0 ), on the left side of the Eq. 9, W(n h , n þ 1) represents its free energy when base n is in its helical state. We neglect the difference between 3 0 to 5 0 and 5 0 to 3 0 , thus the above case is identical to (3 0 .n þ 1, n.5 0 ). Its free energy when base n is in its helical state is noted as W(n þ 1, n h ), which is the right side of the Eq. 9. W(n þ 1, n b ) has similar meaning except that base n is in its basepair open state.
Substituting Eqs. 7-9 into Eq. 6, we have
Equation 10 is thermodynamic Model A, which represents the free energy difference DW(n). There are a total of 10 parameters: eight parameters for the D function (AA, AT, AC, CA, AG, GA, CG, CC) and another two parameters
. To obtain these 10 parameters, we simulated DW of each basepair in the DNA sequences 1-4 (see Table 1 ) using Eq. 1, and then performed the linear least-square fitting procedure using Eq. 10 to obtain the value for the D and K functions. There are in total 140 equations. For the eight parameters for the D function, in these 140 equations, the minimum number of terms of occurrence is 20 and the maximum occurrence is 36. The intercept was fixed to zero in the fitting process. Note that we can arbitrarily choose the value of K(A) and K(C). Although the absolute value of D(n, n þ 1) will be different, the final result DW(n) in Eq. 10 will be exactly the same. In this work, we set
Model B
We found that a long-range negative correlation, existing due to the topology constraint that allows for and maintains strain, can be readily accounted for (see Results and Discussion). To further improve the quality of the prediction on DW, an additional free energy penalty was added to Model A. In this model,
DCon was calculated as follows: For each basepair i, we checked the other basepairs in this sequence to find segments having continuous A-T basepairs but not including any C-G basepair. Noticeably, during the fitting process, the base separation i should be larger than 2 to exclude the two-body interactions already considered in Model A and exclude the explicit three-body interaction (which we approximated as zero in Model A). For each such segment, assuming the total hydrogen-bonded basepair number N, there was an extra free energy decrease -N * p for the basepair i and an extra free energy increase þN * q for each basepair in this segment. We truncated this process when the separation was larger than 500 bp. For example, for the sequence CCCAAA, due to the correlation between the first basepair C-G and the fourth basepair A-T, DCon (C-G) ¼ À3p and DCon (A-T) ¼ þ3q, respectively. The values of p and q were obtained from the same linear least-square fitting procedure described above. Thus, for Model B, there were 12 fitting parameters.
Coarse-grained simulation method DNA can be represented by atomic or a coarse-grained (CG) models. We placed each model system under torsional and Biophysical Journal 106(5) 1182-1193 salt stress. We wish to compare with the CG simulation model and experiment (below). The distance between the CG base atoms of each complementary nucleotide pair was measured from simulation trajectories. If this distance was larger than 8.52 Å , which approximately equals the length of a single nucleotide and is the basic length unit in the CG model (the choice of this value does not affect the main conclusion of this work qualitatively), the basepair was considered to be a basepair open state. The free energy of each hydrogen-bonded basepair in the helical (or basepair open) state was calculated by W ¼ Àk B TlnP when P is the probability of this hydrogen-bonded pair in the helical (or basepair open) state and can be directly counted through simulation.
We started with the CG form developed by Louis's group (29) . This CG model used a Morse potential to represent the stacking and hydrogen-bonding energy. The strength of the Morse potential varied with different stacking sequences for the various hydrogen-bonded basepair types. Thus, it captures the sequence-dependent characteristics of a DNA molecule under certain conditions. However, the salt concentration-specific electrostatic interactions were not included in the original model. To investigate the effect of ionic strength on the stability of a basepair, a Debye-Hückel potential (31) was added to the original model to represent the electrostatic interactions. The added electrostatics potential has the form
where i and j are the phosphate atoms in the coarse-grained model, r is the separation between bead i and j, ε o is the permittivity of free space, ε r is the relative dielectric constant (set to be 80), and I is the ionic strength of the system. The coefficient 0.7 was an empirical fit to match the melting temperatures under different conditions obtained from experiments. By adding this potential, we can reproduce the melting temperatures (see Table S1 in the Supporting Material) of several DNA sequences under different ionic strength conditions ranging from 0.1 to 0.5 M (see Table  S2 ) with high accuracy (standard deviation ¼ 0.7 Kelvin).
METHODS
There are a total of 26 double-strand DNA polymers modeled to test this work (shown in Table 1 ). We remark here that in Table 1 as well as other parts of the main text, for any Watson-Crick basepair, only the name of one base was showed. These sequences were created randomly except for sequence 10. We added a possible mechanical twist for simulation by using a variant of periodic boundary conditions. The details can be found in our previous work (15) . By modulating the length of DNA sequences, five stress conditions of negative strain were investigated. For each sequence, a 850-ns coarse-grained simulation was performed. Newtonian dynamics was applied and the Andersen thermostat method (32) was used to maintain the temperature. This method has a stochastic element but is technically different from a Langevin simulation (29) . Each simulation was repeated 96-120 times, initiated from different random seeds. The total simulation time for each sequence is thus between 82 and 102 ms. In this way, the probabilities and therefore free energy calculations were found to converge well. Temperature of the system usually was set to 310 K and the ionic strength was set to 0.5 M except in certain cases as noted. To investigate the effect of temperature and ionic strength on DNA under Torsional Stressthe free energy profile of a DNA, three other groups of simulation were performed (see Table S3 ):
1. For sequence 1, s ¼ À0.0857, the temperature was set to 310 K and ionic strength was decreased from 0.5 to 0.1 M; 2. For sequence 1, s¼ À0.0857, the ionic strength was set to 0.5 M, and temperature was increased from 310 to 360 K; and 3. For sequences 23-26, s ¼ À0.2, the ionic strength was set to 0.5 M and temperature was set to 360 K.
RESULTS AND DISCUSSION
Sequence-dependent defects of DNA with torsional stress
We first determined whether the CG model we use is capable of modeling the defects of DNA with torsional stress. The time-averaged distance between the base atoms for a nucleotide pair in DNA sequence 1 was measured for DNA sequence 1 (Fig. 2 A) . Larger distance indicates the presence of larger defects. Large defects formed around position 7-10 (CATT) and position [16] [17] [18] [19] [20] . This result matches with the well-known experimental results that an AA or AT base stack is least stable. We found those defects are localized. Fig. 2 B shows how the distance between each base evolves with the time. Only those bases near base 10 and near base 20 have frequent defects (cyan). The other bases are quite stable (dark blue) and have the ability to recover from the basepair open state to the normal helical state although they seldom breaks due to thermal fluctuations. This result matches with our previous all-atom simulation (15) . These results indicate that this coarse-grained model is suitable for the study of torsionally stressed DNA in this work.
Free energy model using the two-body approximation
As detailed in the Introduction, inspired by the success of the NN model (16) in predicting the melting temperature of DNA, we built our free energy model of DNA using a two-body approximation (i.e., Model A, see Theory for details). We should emphasize here the physical meaning of the D function in Eq. 11 is completely different from the parameters used in NN model. There are eight independent parameters for D, Table 2 . The fitted slope is 1.0, the correlation coefficient is R ¼ 0.9, and the standard deviation S is 0.39 kcal/mol (Fig. 3 A) . The high correlation coefficient and low standard deviation both suggest that our model is a valid description of the free energy of DNA under torsional stress. With those parameters, DW of each basepair in a given DNA sequence can be calculated. For example, for a short DNA sequence ACTCAA, DW of the second hydrogen-bonded basepair C-G can be calculated as To test the ability of those parameters to predict DW of random DNA sequences, the DW values of six random sequences (ID 5-10) were computed and compared with the CG simulation results (Fig. 4 , black and green curve). The correlation between the predicted value and the simulated value was shown in Table 3 . For all six cases, the correlation is high: R min ¼ 0.89, R max ¼ 0.97, and the averaged R ¼ 0.93. In addition, the standard deviation S is low: S min ¼ 0.39 kcal/mol, S max ¼ 0.84 kcal/mol, and the averaged S ¼ 0.51 kcal/mol. These results indicate that our model has sufficient precision to predict DW for each basepair for a given DNA sequence in certain applications. Thus, DW of any basepair depends on the chemical identity as well as its two nearest-neighbor basepairs. There are 20 cases in total. We sorted these 20 cases based on DW in Table S4 . The least stable case is the combination of A and T, in which DW~À0.97 kcal/mol; whereas the most stable case is the combination by C and G, in which DW~À3.5 kcal/mol. This trend qualitatively matches with the previous all-atom simulation result that pyrimidine/purine stacking basepairs (AT) are much more flexible than purine/purine stacking basepairs (CC) (13) .
Interestingly, AATTTA base steps, which are highly flexible, have been experimentally found to be important at the DNA-histone interface (33) .
Although Model A works fairly well to predict DW within a given DNA sequence, we notice that the prediction is relatively worse at the peak or the bottom of the free energy profile (Fig. 4) . Generally speaking, the amplitude of the peak or the bottom predicted by the Model A was less than the actual value from CG simulation. Moreover, for sequence 10, there are relatively large deviations between the predicted results and the simulation results (0.84 kcal/mol). This phenomenon suggests that the free energy model needs to go beyond the two-body approximation to improve the prediction.
Long-range negative correlations within DNA with torsional stress
We first tested whether including an extra three-body interaction can improve the Model A. However, compared to the twobody approximation, the correlation R only slightly increases from 0.90 to 0.91 and the standard deviation S only slightly decreases from 0.39 to 0.36 kcal/mol. This result suggests that including the straightforward three-body interaction has little effect on improving Model A. The three-body terms also represent a more significant computational investment.
Geometrically, it is clear that long-range negative correlations exist among basepairs of DNA under negative twist strain due to whatever mechanical or possibly topological mechanism is responsible. Fig. 5 A shows the free energy profile of two DNA sequences:
CCC.CAAAC.C and CCC.CAAAAAC.C:
It is clear that when the length of the central A track increases from 3 to 5, the free energy of the first basepair C-G decreases, even though there is a large base separation between this C basepair and the central A track. We directly measured the correlation between base 1 and base 17 in the sequence 10 (Fig. 5 B) . It is clear that base 1 and base 17, regardless of the large separation between them, require a negative correlation correction. Due to the existence of such negative correlations, the weak segments in the DNA sequence will become weaker and the stable segments will become stronger (Fig. 5 A) . This result matches our previous all-atom simulation result that DNA relieves torsional stress with localized structural failure to preserve B-form in the rest of the sequence (15) . The two sequences used in Fig. 5 A were constructed to give an example to clearly show the long-range correlation between the central A track and the terminal C track. However, the correlation was observed for all other sequences. 
Biophysical Journal 106(5) 1182-1193
DNA under Torsional Stress
Here we will show that such correlation is due to the topology constraint and/or the induced stress. Assume the stress T is distributed over several units a 1 , a 2 , a 3 ,.. Such a unit can be a single basepair or several continuous basepairs. We have
Equation 13 represents the topology constraint (T is constant and will not change with time). Assume the correlation function between two units is C(a m , a n ), then we have
where S stands for the standard deviation. From Eq. 13, we can see 
Note that S (standard deviation) is a positive number. Equation 17 implies an important conclusion: due to the topology constraint by which the torsional stress is maintained, longrange negative correlations are possible. E.g., if we assume C(a 1 ,a i ) z 0 (i s 1,2,17) and C(a 1 ,a 2 ) > 0 from Eq. 17, we find
which is exactly the case in Fig. 5 B. This conclusion is valid when there is a topology constraint in DNA, such as the periodic condition used in this work (equivalent to a ring with infinite radius), or the circular DNA case. However, it is not suitable for free or unstressed DNA. For a free DNA duplex, the two-body approximation is valid, which is demonstrated by the success of the NN model (16) . This long-range correlation has been experimentally observed in several cases. A cooperative kinking at distant sites in a mechanically stressed DNA mini-circle was observed both computationally and in cryo-EM image reconstruction (34) . In addition, when proteins and DNA associate, it was found that mutating the basepair located in the flanking region of DNA can have effects on the direct interactions between DNA and protein (35, 36 
Note that 1 À C(2, 3) > 0 and
, but because we are considering the negative correlation (C(1,2) < 0 and C(1,3) < 0), actually jC(1,3)j > jC(1,2)j. This indicates that if the deviation of a unit i is less than that of another unit j (e.g., unit i is quite stable and rarely has defects, whereas unit j is quite unstable and has defects frequently), then the negative correlation induced by the unit j is more important than that by the unit i. This result can be illustrated in Fig. 5 B: the correlation between the first base (C) and the other base C (stable segment) is almost zero, whereas the dominant negative correlation is the one between the first base and the central A track (unstable segment). Based on this result, we assume that there is no free energy correction between two stable units (e.g., C and C, C and G). The free energy correction is only needed when at least one unit is a segment with continuous A (or T, or A-T mixture) basepairs. The detailed protocol of this correction process can be found in the Theory section.
Free energy model using two-body approximation plus long-range correlation
With the extra free energy correction, we refit DW obtained from DNA sequences 1-4 using Model B (Fig. 3 B) . The fitted slope remains 1. However, compared to the fitting results using Model A, the correlation coefficient significantly increased from 0.90 to 0.96 and the standard deviation decreased from 0.39 to 0.26 kcal/mol. This result indicates that Model B describes DW better than Model A. Next, Model B was used to predict DW of each basepair in sequence 5-10 to compare to the coarse-grained simulation results (Fig. 4 , red and green curve). The averaged standard deviation decreases from 0.51 kcal/mol in Model A to 0.33 kcal/mol in Model B (Table 3 ). In particular, the predicted results of sequence 10 using Model B (S ¼ 0.17 kcal/mol) is much closer to the simulation results than that using Model A (S ¼ 0.84 kcal/mol). Compared to Model A, Model B better predicted the peak or the bottom of the free energy profile of a given DNA sequence (marked with black arrows in Fig. 4 ), which is a direct consequence of including the long-range negative correlation. Thus, it is clear that Model B is more general than Model A. We recalculated the values in Table S4 using the new parameters. The new result is shown in Table 4 .
Comparison to in vitro experiments
With Model B, we have provided a very simple but efficient method to calculate DW of any basepair in a given DNA sequence with torsional stress. Even for very long DNA sequences (up to 45,000 bp), the calculation can be finished within seconds on a PC. In addition, the calculated results were found to qualitatively match with in vitro experiments (Fig. 6 ). The cutoff we chose to truncate the long-range correlation is 500 bp. However, the choice of this number will only affect the prediction of the absolute value of the free energy of each basepair. The basepair open positions and relative probabilities will remain the same regardless of this choice. We found that the correlation can propagate up to 116 bp (see Fig. S1 in the Supporting Material), but its upper limit is still unclear at present. One longer DNA sequence was tested. The system is pBR322, which is a long AþT-rich sequence (37) . Experiments found that there were two strained (basepair open) sites for this DNA with torsional stress s ¼ À0.067 (38) . The first site spans positions 3180-3301 and the second spans positions 4133-4252. The predicted free energy profile using Model B is shown in Fig. 6 . It is clear that the above-mentioned two positions have high free energies (less stable). Notably, there are other models that can predict the basepair open positions which qualitatively match with the experimental results as well (21) . Due to lack of experimental data on the absolute value of DW, it is difficult to quantitatively compare the accuracy of those two models. In addition, we made several approximations. We did not test the salt-induced writhe of DNA for a given relative linking number. Thus, we did not test whether our model can provide a precise prediction on the absolute value of DW in all conditions. We emphasize here that the undertwisting imposed using periodic boundary conditions in our work prevents writhe and thus does not describe completely DNA states identical to all experiments. However, our method gives a reasonable estimate of defect locations when DNA is negatively twisted.
Free energy profile modulated by stress, ionic strength, and temperature Strictly speaking, the parameters in Tables 2 and 4 were suitable for the condition that s ¼ À0.0857, ionic strength ¼ 0.5 M, and temperature ¼ 310 K. Under such conditions, we can clearly model DW of a basepair with torsional stress. To explore the range of this parameter set, we also tested how DW was affected by stress (s), ionic strength and temperature in the system (Fig. 7) . When the stress increases, DW has a trend to increases as well (Fig. 7 A) . However, within the range that we investigated, the difference between the actual and computed DW (at s ¼ À0.0875) is not large. When comparing DW (s ¼ À0.2) and DW (s ¼ À0.0875), we found that the averaged deviation is 0.73 kcal/mol. More importantly, the positions that have the highest free energy remain the same, indicating that the defects are in the same location in DNA.
In contrast, we found that ionic strength has little effect on the DW of each basepair. Under five ionic strength conditions that were tested (0.1, 0.2, 0.3, 0.4 and 0.5 M), DW of each basepair remains almost the same (Fig. 7 B) . We should emphasize here this result does not mean ionic strength has little effect on other thermodynamic properties of DNA. For example, it has already been shown that the melting temperature of the whole DNA highly depends on the ionic strength conditions (see Table S2 ).
Finally, when temperature rises, DW increases (Fig. 7 C) . This is reasonable because the stability of DNA reduces concomitantly with larger thermal fluctuations at high temperatures. However, within the range that we investigated, the difference between the actual and computed DW 
We did not consider the effect of ionic strength on DDW because it is less important compared to temperature and stress based on above results. In addition, to simplify the problem, DDW is assumed to be the same for all the basepairs. Thus, we assume The correlation coefficient is 0.999 and the standard deviation is 0.01 kcal/mol (Fig. 8 A) . The p value of above Table 1 ) modulated by (A) stress s; (B) ionic strength, and (C) temperature. Simulation error is <0.01 kcal/mol. variables are all smaller than 0.01, which passes the significant test. In fact, in Eq. 23, we could add an extra term A * (T À 310) 2 . However, A does not pass the significant test, which means this term is not statistically necessary. Thus, to calculate DW(T,s,I), we can first calculate DW(T ¼ 310 K, s ¼ À0.0857, I ¼ 0.5 M) using the parameter sets in Table 2 We tested Eq. 25 using DNA sequence 15 (T ¼ 310 K, s ¼ À0.135, I ¼ 0.5 M). This data is specifically excluded in the above-fitting process. In Fig. 8 B, the black curve is the prediction using Model B, DW predict (T ¼ 310 K, s ¼ À0.0857, I ¼ 0.5 M), whereas the green curve is the simulation result DW simulation (T ¼ 310 K, s ¼ À0.135, I ¼ 0.5 M). There is a little difference between these two curves due to the difference in the stress s. The red curve is the prediction using Model B and corrected by Eq. 25. It is clear that the red curve matches with the green curve better than the black curve, indicating that our method is valid.
CONCLUSION
We have built an analytical thermodynamic model to represent local sequence-dependent mechanical instabilities of duplex DNA. The large number of sequences now available makes having a rapid simple method to evaluate the free energy of each basepair of a DNA molecule with torsional stress a necessity.
We relied on a direct application of the Kirkwood superposition approximation (24) whereby correlations among various systems can be approximated in the free energy surface by sums of simpler systems. By considering the twobody interactions with the nearest-neighbor basepairs and the long-range negative correlations due to topological constraints, we are able to accurately predict this free energy with a minimum of computation. The long-range negative correlations induced by constrained twist are important. Due to such correlations, an unstable segment will further protect a stable segment so that the defects will tend to focus on those unstable segments. Calculations on pBR322 DNA indicates several sites where that DNA has a high probability to deform under twist strain.
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Potential used in the CG model
The potential can be written as a sum over the nearest neighbor pairs and a sum over all others:
Vbackbone represents the bonds which hold nucleotides in a strand together. Vstack represents the tendency of bases to form coplanar stacks. Vexclude represents the excluded volume of nucleotides. VHB represents the hydrogen bonds which lead to base pairing. Vc_stack represents cross-stacking interactions between a base in a base pair and nearest-neighbor bases on the opposite strand. VEE represents the electrostatic interactions (newly added in the model). Its form is introduced in the Method section in the main text. Further detail for the CG model can be found in the references 1, 2 .
Difference between the parameters in our model and the parameters in the NN model
Although having similar forms, the D function in equation (11) in the main text and the parameters used in NN model have different physical meanings. Based on the equation (7) in the main text:
For a stacking dimer duplexes (n-1, n), the D(n-1,n) represents the free energy difference between the nth hydrogen bonding base pair in the helical state and in the broken state, while the n-1 hydrogen base pair can be in any state. For the NN model, if a DNA molecule has N base pairs, its melting free energy is defined as 3 :
The physical meaning of ΔNN is not directly given in the original paper and ΔNN is obtained through a linear square fitting process.
We can use the Kirkwood superposition 4 to represent the ΔG:
Re-arranging the equation (S3) in two different ways: 
Comparing (S6) and (S2), we can obtain:
The physical meanings of D function in our thermodynamic model and the parameters used in the NN model are shown in the equation (S1) and (S7), separately. Table S3 . DNA sequences and environmental conditions used to investigate the effect of temperature (T) and ionic strength (I). The relative linking number is  . 
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